Homologous recombination (HR) is a mechanism for repairing DNA interstrand crosslinks and double-strand breaks. In mammals, HR requires the activities of the RAD51 family (RAD51, RAD51B, RAD51C, RAD51D, XRCC2, XRCC3 and DMC1), each of which contains conserved ATP binding sequences (Walker Motifs A and B). RAD51D is a DNA-stimulated ATPase that interacts directly with RAD51C and XRCC2. To test the hypothesis that ATP binding and hydrolysis by RAD51D are required for the repair of interstrand crosslinks, site-directed mutations in Walker Motif A were generated, and complementation studies were performed in Rad51d-deficient mouse embryonic fibroblasts. The K113R and K113A mutants demonstrated a respective 96 and 83% decrease in repair capacity relative to wild-type. Further examination of these mutants, by yeast two-hybrid analyses, revealed an 8-fold reduction in the ability to associate with RAD51C whereas interaction with XRCC2 was retained at a level similar to the S111T control. These cell-based studies are the first evidence that ATP binding and hydrolysis by RAD51D are required for efficient HR repair of DNA interstrand crosslinks.
Introduction
Homologous recombination (HR) is responsible for suppressing the formation of chromosome abnormalities and repairing DNA double-strand breaks and interstrand crosslinks [reviewed in (1) (2) (3) ]. This high fidelity repair process uses homologous sequence to restore damaged genetic information and suppress extensive loss of heterozygosity (4) . Mammalian proteins involved in HR repair include BRCA1, BRCA2, RAD51 (a RecA homolog) and the RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, XRCC3 and DMC1). The RAD51 paralogs interact to form at least two stable complexes (a dimer consisting of RAD51C-XRCC3 and a larger complex containing RAD51B, RAD51C, RAD51D and XRCC2) that assist the RAD51 strand transferase during HR (5) (6) (7) (8) . With the exception of Dmc1, which is expressed during gamete formation, disruption of each of the Rad51 genes results in increased sensitivity to DNA damage and a genome instability phenotype characterized by various chromosomal abnormalities including gaps, breaks and translocations (9) (10) (11) (12) (13) . Correlations between altered expression of HR genes in various malignancies and the increased prevalence of allelic variants in cancer patients suggest that defects in this repair mechanism play a role in carcinogenesis (14) (15) (16) (17) .
Each of the RAD51 paralogs contains two highly conserved ATP binding motifs: Motif A (GXXXXGK(T)XXXXXXI/V) and Motif B, (R/KXXXGXXXL) followed by a series of hydrophobic residues, where X is any amino acid (18) . Conservative substitution of the lysine in Walker Motif A is predicted to result in a protein capable of limited binding, but not hydrolysis, of ATP (19) . The loss of a positively charged residue at this position will probably abolish ATP binding (20, 21) . Accordingly, a lysine to arginine substitution in the Walker Motif A of RecA confers cellular sensitivity to DNA damage and a reduction in genetic recombination without affecting strand exchange activity (22, 23) . Expression of the analogous mutant of human RAD51 (K133R) results in a dominant inhibitory effect in murine embryonic stem cells characterized by increased sensitivity to DNA damaging agents, decreased spontaneous sister-chromatid exchange and reduced HR repair (24) . Mutation of the Walker Motifs in RAD51C and XRCC3 results in decreased ability to repair the DNA interstrand crosslinks introduced by mitomycin C (MMC) (25) (26) (27) .
Not all proteins mediating the RAD51 strand transferase require an ability to bind and hydrolyze ATP. Walker Motif A mutants of yeast Rad55 (lysine 49 substituted with arginine or alanine) display increased X-ray sensitivity and sporulation defects at 23 C, but the identical substitutions in the consensus lysine of Rad57 have no physiological effect (28) . Furthermore, though XRCC2 is required for the formation of normal RAD51 foci, mutation of Motif A does not affect its role in DNA repair (29) . RAD51B binds DNA and displays ATPase activity, although mutation of its Walker motifs has not been reported (30) .
Understanding the effect of ATP hydrolysis on the assembly of DNA repair complexes is critical in elucidation of the double-strand break repair process (31) . Both RecA and RAD51 undergo conformational changes during ATP binding or hydrolysis that regulate their polymerization on singlestranded DNA (32) (33) (34) (35) . Evidence is now emerging to suggest that RAD51-related protein complexes are also controlled by this small molecule effector. ATP has been shown to stimulate the binding of RAD51D-XRCC2 to single-stranded DNA (36) , and ATP hydrolysis is necessary for normal dynamics of the RAD51C-XRCC3 complex (26) .
RAD51D is unique among the RAD51 paralogs owing to the diversity of its physiological roles. In addition to its association with other RAD51 family members, it is the only paralog currently known to support telomere maintenance in primary cells (37) and to stimulate the BLM helicase through a direct association (38) . Recently, we have described the DNA damage hypersensitivity and chromosomal instability phenotypes of Rad51d-deficient cells (9) . In the present study, a complementation analysis was developed to rapidly assess the repair capacity of RAD51D mutants by testing polyclonal populations for resistance to MMC. Using this approach, it was determined that mutations in the conserved glycine and lysine residues of Walker Motif A severely limit the ability of RAD51D to repair DNA interstrand crosslinks. Furthermore, yeast two-hybrid studies revealed the inability of these mutants to interact with RAD51C. This study is the first to examine the repair capacity of RAD51D Motif A mutants and to propose a role for ATP binding and hydrolysis in the activation of RAD51D during HR repair.
Materials and methods
Cloning of Rad51c and Xrcc2 cDNA expression constructs DNA sequence encoding full length Mus musculus Rad51c was obtained by reverse transcribing total RNA from mouse kidney (Superscript; Invitrogen, Carlsbad, CA) and PCR amplified using 51cKpnFor (5 0 -CTTGGTACCC-AGCGGGAGTTGGTGGGT) and 51cBamRev (5 0 -CAGTTAACTGGATCC-ACTGGCA) primers. Full-length Mus musculus Xrcc2 was amplified from IMAGE clone 5357630 (American Type Culture Collection, Manassas, VA) using XRCC2For (5 0 -ATGCTACGGCTCGTGACAGTTCTT) and XRCC2Rev (5 0 -AGAAGATGACCCTGTGCTTCACGA) primers. Both Rad51c and Xrcc2 amplification products were cloned into a pcDNA3.1/Hygro(1) (KpnI/BamHI) vector encoding an in-frame hemagglutinin (HA) epitope tagging sequence at the 5 0 end.
Site-directed mutagenesis of Rad51d
A Rad51d cDNA (9) was cloned into the EcoRI and BamHI sites of pUC19 and used as a template for site-directed mutagenesis. To generate Walker Motif A mutants, PCR using Platinum Taq DNA Polymerase High Fidelity (Invitrogen) and the following primers sets were used: S111T (5 0 -GCCCAGGTACCGG-CAAAACCCAGGTGTGTCTCTG-3 0 and 5
. PCR reactions were performed under the following conditions: 30 cycles of denaturation at 95 C for 30 s, annealing at 55 C for 1 min, and extension at 68 C for 12 min. Amplified products were digested with DpnI prior to being transformed into ElectroMAX DH12S cells (Invitrogen) by electroporation. Plasmids from ampicillin resistant clones were isolated, and mutants confirmed by DNA sequencing of both strands. The cDNA constructs were subcloned into the KpnI and BamHI restriction sites of a pcDNA3.1/ Hygro(1) vector that encodes an in-frame N-terminal influenza HA epitope tag. The cDNA carrying the S111T mutation, which introduced a second KpnI restriction site, was cloned into the NheI and BamHI sites of the pcDNA3.1/ Hygro(1) vector and expressed as an HA-tagged fusion protein.
Protein expression and western blotting
One microgram of plasmid constructs were transfected into Rad51d
Trp53
À/À mouse embryonic fibroblasts (MEFs) using Lipofectamine Plus reagent (Invitrogen). Cells were harvested 48 h post-transfection and suspended in 100 ml of Laemmelli buffer. Subsequently, 30 ml ($100 mg) of each sample was separated on a 10% SDS-PAGE gel and transferred to nitrocellulose membrane. Following blocking for 1 h using 5% dry milk/TBS-T solution (13 Tris buffered saline with 0.1% Tween-20), immunoblotting for HAtagged proteins was performed by probing with a 1:5000 dilution of anti-HA peroxidase conjugate antibody (3F10; Roche, Indianapolis, IN). Membranes were washed three times in TBS-T, and signals were detected by enhanced chemiluminescence (ECL). Similarly, detection of b tubulin was performed by probing with a 1:5000 dilution of Anti-b tubulin (D-10; Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h followed by ECL detection.
Complementation screening Rad51d
À/À Trp53 À/À MEFs were grown in monolayer culture in DMEM supplemented with 15% heat inactivated newborn calf serum, l-glutamine and antibiotics as described (9) . Plasmid constructs were transfected into Rad51d À/À Trp53 À/À MEFs as described above. Twenty-four hours posttransfection cells were trypsinized, mixed and divided equally ($7.5 3 10 5 cells per dish) onto two 150 mm dishes containing regular growth medium. Twenty-four hours after plating, cells were selected either in regular growth medium containing 200 mg/ml hygromycin B with or without the addition of MMC (1 or 4 ng/ml). Colonies were harvested 12 days after selection and fixed with 100% ice-cold methanol prior to Giemsa staining. Plates were coded and colonies containing !50 cells were scored positive. The percentage of MMC resistant colonies was calculated by dividing the number surviving selection with MMC and hygromycin B by the number that grew in the presence of hygromycin B alone on the duplicate plate.
RT-PCR analysis RNA was isolated from polyclonal populations (RNAeasy; Qiagen, Valencia, CA), and treated with DNAse prior to reverse transcription using random hexamers and SuperScript III reverse transcriptase according to the manufacturer's instructions (Invitrogen). Amplification of Rad51d cDNA was performed by PCR using primers that bind to sequences from exon 4 (5 0 -CTACTTGATGCTGGCCTCTATACT) and exon 9 (5 0 -GGCGACCACT-GCAGTGACCGA). PCR conditions were as follows: 35 cycles of denaturation at 94 C for 30 s, annealing at 59 C for 30 s, and extension at 72 C for 1 min. The primer set used to amplify glyceraldehyde 3-phosphate dehydrogenase (G3PDH) was obtained from Clontech (Palo Alto, CA).
Yeast two-hybrid analysis Rad51d, Rad51c and Xrcc2 inserts containing the N-terminal HA tag were cloned into the EcoRI/BamHI restriction sites of pGADT7 and pGBKT7 yeast two-hybrid vectors (Clontech). Haploid transformants of AH109 and Y187 were generated using the EZ Transformation Kit II (Zymo, Orange, CA). Matings were performed on YPDA plates 16-24 h prior to replica plating onto dropout media. The presence of diploids and genotypes of haploid and mated strains were confirmed by growth on appropriate synthetic dropout media. Colonies plated onto ÀAde/ÀLeu/ÀHis/ÀTrp media were analyzed for growth throughout a 10 day incubation period at 30 C. Colony lift assays were performed according to the yeast protocols handbook (Clontech). To quantify the protein-protein interactions, liquid b-galactosidase assays were performed using o-nitrophenyl-b-d-galactopyranoside as a substrate (ONPG; Sigma, St Louis, MO) as described (39) . All b-galactosidase assays were performed in triplicate with constructs in both the GAL4 activating and DNA binding domains.
Statistical analysis
Statistical significance of the experimental data was determined using SPSS Ò version 11.0 for Mac OS X. The mean numbers of percentage MMC resistance for each construct and the strength of yeast two-hybrid interactions were compared by ANOVA.
Results
Complementation screening to measure DNA interstrand crosslink repair Stable expression of RAD51D was previously demonstrated to correct the DNA interstrand crosslink repair deficiency of Rad51d À/À Trp53 À/À mouse embryonic fibroblasts (9) . In the present study, a complementation assay was designed to measure the survival capacity of Rad51d À/À Trp53 À/À fibroblasts transfected with a number of mammalian expression constructs. For each experiment, transfected populations were equally divided and either maintained in the presence of growth media containing hygromycin B alone or hygromycin B with addition of the DNA interstrand crosslinking agent MMC as presented in Figure 1A . Percentage resistances were calculated by dividing the number of colonies surviving selection with MMC by those that grew in the presence of hygromycin B alone ( Figure 1B) . As an initial test of this system, Rad51d-deficient cells were transfected with full-length cDNAs of Rad51d, Rad51c, Xrcc2 or empty vector. In agreement with observations that support non-redundant functions for the RAD51 family members, the percentage resistance of RAD51C and XRCC2 did not differ statistically from vector, and surviving colonies were smaller and stained with less intensity. Approximately 40% of the Rad51d À/À Trp53 À/À 1 Rad51d cDNA fibroblasts within these polyclonal populations are capable of resisting the lethal interstrand crosslinking damage caused by MMC after adjusting for the rate of survival observed for vector alone.
Walker Motif A is required for repair of DNA interstrand crosslinks RAD51D possesses DNA-stimulated ATPase activity consistent with the presence of its ATP binding motifs (40) . To determine the functional significance of Walker Motif A, sitedirected mutations in the encoding sequence were generated ( Figure 2A) . As a positive control, the non-consensus serine at position 111 was replaced by a similar amino acid to introduce a conservative substitution. An S111T mutation was generated because threonine is present at this position in other RAD51 family members (e.g. RAD51 and XRCC2). Expression of (53, 54) . Expression from the DG112DK113 construct was confirmed from colonies selected in hygromycin B alone. The G3PDH reaction was performed as an RT-PCR control. Wild-type MEFs were included as a positive control.
Walker box mutations in RAD51D
each mutant RAD51D protein was confirmed by immunoblotting for the HA tag 48 h post-transfection ( Figure 2B ).
The repair activity of each Walker A mutant was tested by complementation screening (Figure 3A) . At 1 ng/ml MMC (3 nM), no statistically significant difference was observed between wild-type, mutant and vector transfectants. At 4 ng/ml MMC (12 nM), mutations in the conserved glycine and lysine residues of Walker Motif A reduced the repair capacity of RAD51D ranging from 6-to 23-fold. Approximately 47% of Rad51d À/À Trp53 À/À mouse embryonic fibroblasts transfected with the wild-type construct survived selection, and the S111T mutant retained 60% repair activity relative to wild-type (S111T versus WT, P 5 0.176). Restoration of MMC resistance by K113R and K113A mutants was 4 and 17% of wild-type levels, respectively. Variation between the K113R and K113A percentage resistances was not statistically significant (K113R versus K113A, P 5 0.959). Expression of the G112A mutant resulted in 17% repair activity of the wild-type protein, whereas no ability to resist DNA interstrand crosslinking damage was observed in DG112DK113 and vector control populations. Transcript analysis verified expression of all the Rad51d constructs in surviving colonies ( Figure 3B ). These data confirm that the Walker Motif A mutants cannot restore normal capacity to respond to MMC induced DNA damage in Rad51d À/À Trp53 À/À mouse embryonic fibroblasts.
Walker Motif A mutants display reduced interaction with RAD51C
Recently, it was demonstrated that Walker Motif A mutations in XRCC3 affect the dynamics of RAD51C-XRCC3 interaction (26) . To determine if RAD51D mutants maintain partnerships within the BCDX2 HR repair complex, each mutant was tested for binding with RAD51C and XRCC2 using multiple yeast two-hybrid analyses. A qualitative assessment of b-galactosidase activity in mated strains is presented in Figure 4 . All RAD51D mutants retain the ability to interact with XRCC2; however, binding to RAD51C was diminished as demonstrated by the lack of blue staining in the colony lift assay. The pattern of growth observed on selective media corroborated the reduced capacity of RAD51C to interact with Motif A mutants (Table I) . No growth was observed for haploids or vector control matings confirming the specificity of these interactions. A.M.Gruver et al.
To quantify the loss of binding between RAD51D mutants and RAD51C, b-galactosidase activity was measured using o-nitrophenyl-b-d-galactopyranoside as a substrate. In agreement with results obtained from colony lift assays, Walker Motif A mutants display a reduced ability to interact with RAD51C ( Figure 5A) . Each of the Walker Motif A mutations targeting the conserved glycine and lysine residues displayed an $8-fold reduction in RAD51C binding ability, whereas the S111T interaction was similar to wild-type (S111T versus WT, P 5 0.926). The average strength of the K113R-XRCC2 and K113A-XRCC2 interactions were maintained at 57 and 54% of wild-type levels, respectively, with some small variation dependent upon orientation of the GAL4 fusion. Both the G112A and deletion mutant retained an ability to interact with XRCC2 at $18% of the wild-type level. These data suggest that conservation of the Walker Motif A in RAD51D is required for interaction with RAD51C; however, binding to XRCC2 occurs in the presence of both conservative and nonconservative substitutions of lysine 113 (K113R versus S111T, P 5 0.959; K113A versus S111T, P 5 1.00). 
Walker box mutations in RAD51D Discussion
These cell-based studies are the first evidence that conservation of Walker Motif A is required for a physiological role of RAD51D. Each mutation in Walker Motif A, predicted to reduce ATPase activity, severely affected resistance to DNA interstrand crosslinks. Furthermore, these same mutants lacked the capacity to associate with the known RAD51D binding partner RAD51C. We therefore propose a requirement for RAD51D ATP binding and hydrolysis during the repair of DNA interstrand crosslinks ( Figure 6 ). Based upon studies of structurally similar proteins that contain Walker Motifs, both K113R and K113A are expected to lack the ability to hydrolyze ATP whereas the K113R mutant is predicted to allow as much as 40% of the wild-type ATP binding activity (19) . Because the RAD51D K113R mutant did not complement the sensitivity to DNA interstrand crosslinks, an ability to bind ATP is not sufficient for repair. On the contrary, binding and subsequent hydrolysis of ATP by RAD51D is necessary for its association with RAD51C and DNA interstrand crosslink repair. Complexes dependent upon a direct interaction between RAD51D and RAD51C would also be affected by the inability of RAD51D to hydrolyze ATP. Thus, the data presented in Figure 3 support the conclusion that a recombinosome containing both RAD51C and RAD51D (e.g. the BCDX2 complex) is required for at least one step during the restoration of DNA interstrand crosslinks.
Our data imply that ATP hydrolysis results in a conformational change in RAD51D that favors interaction with RAD51C (illustrated in Figure 6 by the transition from hexagon to sphere in the C-terminal domain of RAD51D). The ability of K113R and K113A mutants to interact with XRCC2 suggests the allosteric effect specifically regulates the binding of RAD51D to RAD51C. Although results from the ONPG assay suggest a lower level of interaction between XRCC2 and G112A/DG112DK113 mutants, binding was detectable using techniques with increased sensitivity (Figure 4 and Table I ). The reduced interaction may reflect a destabilization of the protein resulting from the severity of these non-conservative amino acid substitutions. However, it is unlikely that the absence of binding of the Motif A mutants to RAD51C results from lack of protein expression because (i) multiple matings using independently purified single colonies generated identical results and (ii) isogenic clones displayed growth when mated with strains expressing XRCC2. It has been demonstrated that stability of the RAD51C and XRCC3 proteins is dependent upon their interaction (41, 42) . It is possible that failure of the RAD51D Motif A mutants to (39) . Because cells expressing RAD51D mutants are hypersensitive to the interstrand crosslink damage caused by MMC, we propose a recombinosome containing both RAD51D and RAD51C (e.g. the BCDX2 complex) is essential for at least one step during interstrand crosslink repair. As presented, ATP hydrolysis facilitates the interaction between RAD51D and RAD51C. Subsequent release of ADP (not shown) could allow the RAD51B-RAD51C complex to dissociate and participate in other steps of the repair process such as branch migration and Holliday structure resolution in which RAD51D does not appear to play a role (55) .
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complement the MMC sensitivity phenotype is in part the result of destabilization of RAD51C or RAD51D if the two proteins fail to interact. Nevertheless, these protein interaction experiments were conducted in yeast, and it remains possible that the outcomes do not exactly reflect the mammalian interactions in vivo. Because the BCDX2 recombinosome demonstrates greater ATPase activity than RAD51 or RAD51D alone (40, 43) , it follows that other members of the complex (e.g. RAD51B and RAD51C) may contribute additive ATP hydrolysis required for efficient interstrand crosslink repair.
Unlike the model proposed by Yamada et al. (26) in which ATP binding disrupts the RAD51C-XRCC3 complex, yeast two-hybrid analyses demonstrate that conservation of lysine at position 113 in RAD51D is a requirement for its partnership with RAD51C. Therefore, ATP binding and hydrolysis appear to favor the RAD51C-RAD51D interaction whereas ATP binding facilitates disassociation of the RAD51C-XRCC3 heterodimer. A recent computational model based upon the crystal structure of archaeal RadA is in agreement with published experimental analyses of the pairwise interactions between the RAD51 paralogs with the exception of that proposed for RAD51C-XRCC3 (44) . Therefore, it is conceivable that RAD51C-XRCC3 displays a binding modality that is unique from the interaction observed between RAD51C and RAD51D within the BCDX2 recombinosome. With this presumption in mind, the notion that ATPase activity has opposite regulatory effects on the dynamics of RAD51C-XRCC3 and RAD51C-RAD51D interactions is currently an attractive hypothesis.
The data presented here and the recent study by Yamada et al. (26) regarding the dynamics of the RAD51C-XRCC3 complex raise the interesting possibility that the RAD51 paralogs may serve as molecular switches during HR repair of DNA interstrand crosslinks. We speculate paralog complexes could possess functions analogous to the MutS homologs of DNA mismatch repair. The ability of these proteins to hydrolyze ATP is critical for their normal function, and mutation of conserved amino acid residues in the ATPase domain results in dominant mutator or dominant negative phenotypes (45) (46) (47) . During the mismatch repair process, the hMSH2-hMSH6 heterodimer functions as an ATPase switch that regulates mismatch binding (48) . The presence of such 'switch regions' that facilitate conformational changes in RecA and ABC transport proteins have been reported (49) ; however, a homologous region in RAD51D has not been identified.
Mutations of the ATPase motif found in four of the five RAD51 paralogs have now been characterized. Walker Motif A in RAD51C and XRCC3 is required for the repair of DNA interstrand crosslinks (25, 26) ; however, conservation of Motif A does not appear to be necessary for the involvement of XRCC2 in HR (29) . Because mutagenesis of RAD51D suggests a functional requirement for ATPase activity, detailed biochemical analyses of these mutants are now needed to determine precisely how ATP binding, hydrolysis and turnover affect its role in HR repair. It remains to be determined whether wild-type cells expressing these mutants will be hypersensitive to DNA interstrand crosslinks (e.g. a dominant negative phenotype) or display telomere dysfunction. In addition, the capability of the Walker Motif A mutants to maintain interaction with the BLM helicase is also unknown.
In conclusion, the ATPase motif in RAD51D is required for DNA interstrand crosslink repair and interaction with RAD51C. For the first time, we have assessed the functional requirement of conserved residues in RAD51D. Because cell lines defective for other RAD51 paralogs display hypersensitivity to DNA interstrand crosslinks, the complementation strategy presented here could be used to rapidly identify mutations in Rad51 related genes and examine the functional activity of paralog isoforms (50) (51) (52) . In addition, known polymorphisms in Rad51d that are associated with increased cancer risk can now be examined (16) . The results presented here contribute towards a mechanistic understanding of DNA interstrand crosslink repair and provide insight on the role RAD51 paralogs have in cancer prevention through repair of these lesions.
